or C/EBPa is functionally inactivated (for example, phosphorylation by activated FLT3.) 1 These results would suggest that reduced levels of C/EBPa may be sufficient to impair myeloid differentiation, a hypothesis reinforced by our resultsFbut not observed in Cebpa þ /À mouse models. In summary, our results underline the critical role of C/EBPa in human myelopoiesis, distinct to that observed in murine myelopoiesis, which correlates with its frequent deregulation in AML. We would like to emphasize that although knockdown and ectopic expression analyses in mouse systems have provided, and will certainly continue to provide, essential insights into normal hematopoiesis and leukemogenesis, the limitations of these models should not be overlooked.
The selective bcr-abl tyrosine kinase inhibitor imatinib has become the therapy of choice for patients with newly diagnosed chronic myelogenous leukaemia (CML) including those previously considered candidates for allogeneic haematopoietic stem cell transplantation. Major pathways downstream of bcr-abl are Grb2-Ras and p42/44 mitogen-activiated proteinkinase, phosphatidylinositol 3-kinase, nuclear factor-kB and the signal transducers and activators 1/5. 1 Still, how bcr-abl downstream molecules are affected by bcr-abl inhibition through imatinib is not fully understood.
To identify 'early response genes' during imatinib therapy, we looked for changes in the transcriptome of Philadelphia chromosome-positive (Ph þ ) CD34 þ cells from patients with de novo CML following 7 days of treatment.
Between November 2006 and July 2007, six patients with newly diagnosed Ph þ CML in chronic phase were included in this analysis (one female, five male; median age 61 (32-79) years; median follow-up 10.5 (6-13) months; median initial bcr-abl/G6PDH ratio 26.72 (5.52-128.54)%; median bcr-abl/ G6PDH ratio after median follow-up 0.1955 (0.003-0.77); median Hasford score 1093.40 (850-1488.5)). The study was approved by the ethics committee of the Medical Faculty of Heinrich-Heine University, Duesseldorf, and all patients gave written informed consent according to the declaration of Helsinki.
Ethylenediaminetetraacetic acid blood (20 ml) was obtained before and 1 week after treatment with 400 mg imatinib daily. Samples were prepared within 2 h after collection. ) of CD34 þ cells was performed with the RNeasy Mini Kit (Qiagen AG, Hilden, Germany). The amount of extracted RNA was quantified using the NanoDrop spectrophotometer (NanoDrop Technologies, Welmington, DE, USA). An aliquot of 120 ng RNA was used to generate biotin-labelled cRNA with MessageAmp II-Biotin Enhanced Kit (Ambion, Austin, TX, USA). Following fragmentation, labelled cRNA (5 mg) was hybridized to Affymetrix Gene Array Chips (Human Genome U133A 2.0, Affymetrix UK Ltd, High Wycombe, UK). The quality of extracted RNA and of cRNA was checked using the Agilent Bioanalyzer 2100 (Agilent Technologies, Waldbronn, Germany). Array data were analysed using dChip (http://www.hsph.harvard.edu/~cli/complab/dchip/). We performed smoothing spline normalization. Expression values were calculated applying the perfect match-mismatch difference model algorithm (dChip). We considered a gene differentially expressed if the transcript level as a multiple of the control was 41.5, with Po0.05 and a lower confidence bound 41.2. The use of lower confidence bound provides a 90% confidence that the actual change in expression as a multiple of the control is a value above the reported lower confidence bound. Hierarchical cluster analysis was performed using the correlation-based centroid-linkage algorithm (dChip).
Following a median time of 0.9 months (range: 0.9-3) after starting imatinib, all six patients achieved a complete haematological remission. Thereafter, we found a median 3-log reduction (range 1.5-3) of the bcr-abl transcript after a median time of 10 months (range 6-13 months). The patients tolerated imatinib very well without any significant side effects.
A supervised hierarchical cluster analysis of the CD34 þ cells obtained before and 7 days after starting imatinib provides a distinct set of genes permitting a clear discrimination between the two sets of samples. Looking at the entire 22 000 probe sets containing 14 500 genes spotted on the array, we found that the expression level of only 303 of these genes was significantly affected by treatment with imatinib ( Figure 1 ). In particular, 183 genes were downregulated, whereas 120 genes were upregulated with a lower bound of at least 1.2-fold. These differentially expressed genes were related mainly to the following functional groups. Genes governing cell cycle and DNA replication generally had a reduced level of expression. On the other hand, genes involved in adhesive interactions showed an increased expression following the treatment with imatinib. Differentially expressed genes that we considered to be of relevance from a pathophysiological point of view are highlighted in Supplementary Tables 1 and 2 The reversal of bcr-abl-induced abnormal phosphorylation as a consequence of blocking the fusion protein by imatinib indicates signal transduction pathways relevant to the pathophysiology of CML. In an attempt to better understand and describe these pathways, we looked for molecular changes in the peripheral blood CD34 þ cells after 1 week of tyrosine kinase inhibitor treatment. Although there was no significant change within the first week with regard to CD34 þ cell and leukocyte count, all patients had reached a haematological remission, which later resulted in a complete cytogenetic and major molecular remission. Thus, in the first week of treatment, the molecular brakes are apparently effective in silencing the Ph þ CD34 þ progenitor cells. From the results of our gene expression analysis, we conclude that this reversal is probably explained by three major mechanisms. First, a significant downregulation of genes associated with cell cycle and proliferation, second a downregulation of genes associated with DNA replication and third with an upregulation of genes coding for proteins involved in cell migration and adhesion.
Regarding genes associated with cell cycle, imatinib affected several key regulators of the different phases of the cell cycle. A significant downregulation of S-phase governing genes, such as cell division cycle 2 and 20 (CDC2, CDC20), Geminin and minichromosomal maintenance complex component 4, was observed. 2 The largest difference with a 3.5-fold downregulation was observed for CDC2. For progression into the G2-phase, Letters to the Editor CDC2 and cell division cycle 45-like (CDC45L) are required, which we found to be downregulated in the imatinib-exposed Ph þ CD34 þ cells. 3 Further along the cell cycle pathway towards mitosis, genes such as Cyclin B1 and B2 (CCNB1, CCNB2) are active. 2 Both genes involved in the G2/M cell cycle arrest were downregulated, whereas other genes controlling this arrest, such as CDP-diacylglycerol synthase, WEE1 homologue or mitotic inhibitor kinase Mik1 were not differentially expressed. These findings suggest a slowing of the mitotic clock rather than a complete arrest.
With regard to genes involved in DNA replication and repair, we found a substantial number of genes downregulated in the CD34 þ cells as a result of treatment with imatinib. The unwinding of DNA, a prerequisite for DNA replication, requires two tightly regulated complexes called topoisomerase 2 alpha and minichromosomal maintenance complex component helicase complex. 4 Among the genes forming this complex, minichromosomal maintenance complex components 2, 3, 4, 6 and 7 had a significantly higher level of expression in the CD34 þ cells earlier compared with 7 days after imatinib treatment. A significant downregulation was also noted for the genes TIMELESS and TIPIN, which encode proteins supposedly interacting with the replication proteins along the replication fork. 4 This reasoning is in line with our finding that one of these replication proteins, RPA3, was also downregulated in the CD34 þ cells following treatment with imatinib. Similarly, there was a decreased expression level of the replication factor activators RFC3 and RFC4 as well as for POLE2, the DNA polymerase e that is needed for the synthesis of the new DNA on the lagging strand. 3, 4 Finally, the gene encoding PCNA (proliferation cell nuclear antigen), a co-factor of polymerase d, 5 the second enzyme for the DNA strand synthesis, 4 was also downregulated. Coincident with the downregulation of DNA replication-associated genes, this group of genes, such as PCNA, RFC3, RFC4, RPA3 or POLE2, all involved in DNA repair, 5 were also affected. They showed a significantly lower level in CD34 þ cells following treatment with imatinib in comparison with CD34 þ cells examined before treatment.
The third group of genes affected early by imatinib relates to proteins involved in adhesion and motility. For instance, a significantly greater expression level was observed for the gene encoding the CD44 molecule that mediates binding of the CD34 þ cell to hyaluronic acid, 6 a component of the bone marrow matrix. Upregulation was also observed for the gene encoding the cell surface receptor L-selectin (SELL), a lymphocyte adhesion molecule that is downregulated in bone marrow of newly diagnosed CML 7 before any therapy. Other genes with a significantly higher expression level in the imatinib-exposed CD34 þ cells are IL-18 (interleukin 18) and RHOB (ras homologue gene family, member B). 8 As a net result, upregulation of adhesion-associated genes may result in a reduced motility of CD34 þ cells and therefore decreased migration and trafficking in the peripheral blood.
As yet, we do not have a clear picture of the sequence of molecular events that happen early during imatinib treatment. This would require repeated expression analysis in Ph þ CD34 þ cells at different time points following the start of treatment. Although various aspects of cellular functions are closely related to each other, it is reasonable to assume that early during imatinib therapy, improved adhesion of Ph þ CD34 þ cells to matrix components of the bone marrow goes along with a decelerated cell cycle, including decreased DNA replication and mitotic activity. Subsequently, this would translate into reduced production of leukaemic stem, progenitor and ultimately mature cells.
